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Insulin receptor signal transduction depends on the precise intracellular localization of signalling molecules. This study examines the
compartmentalization and the insulin-induced translocation and tyrosine phosphorylation of insulin receptor substrates (IRS-1 and IRS-3) in
epididymal white adipose tissue from adult and insulin-resistant old rats. We found that insulin induces the translocation of IRS-1 from plasma
membrane (PM) and light microsomes (LM) to cytosol, whereas IRS-3 translocates from PM to LM and cytosol upon insulin stimulation. Old rat
adipocytes are characterized by higher relative levels of IRS proteins, under basal conditions, in those fractions where they are intended to
translocate in response to insulin and exhibit a higher phosphotyrosine content of IRS-1 and -3 in basal conditions and a lower maximal
phosphorylation in response to insulin. Furthermore, old rat adipocytes are also characterized by a reduced ability of insulin to stimulate both, Akt/
PKB activity and translocation of GLUT4 to the PM. We conclude that the lower stimulation of downstream insulin signalling involved in glucose
metabolism in old rat adipocytes may be explained, at least in part, by the altered subcellular distribution of IRS-1 and -3 proteins. In addition, our
data suggest that the mechanism of turning on/off insulin receptor-mediated signal is impaired with aging.
© 2005 Elsevier B.V. All rights reserved.Keywords: Insulin receptor substrate; Akt/PKB; GLUT4; Adipocyte; Insulin resistance; Aging1. Introduction
Insulin is an anabolic hormone that regulates the overall flow
of fuels in the organism [1]. The pleiotropic actions of insulin
are initiated when insulin binds to its cell surface receptor. The
insulin receptor (IR) belongs to a family of receptor tyrosine
kinases and its activation leads to tyrosine phosphorylation of
cellular substrates that propagate insulin signal. Upon phos-
phorylation, these substrates act as docking proteins for several
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doi:10.1016/j.bbamcr.2005.12.005regulatory subunits of phosphatidylinositol 3-kinase (PI3K),
enzyme that mediate many of the metabolic effects of insulin.
The major intracellular targets for phosphorylation by the
activated IR kinase are the insulin receptor substrate (IRS)
proteins, IRS-1/2/3/4. All IRS proteins are characterized by a
conserved domain structure, including pleckstrin homology
(PH) and phosphotyrosine-binding (PTB) domains at the amino
terminus that mediate specific interactions with the insulin
receptor. PH and PTB domains are followed by a variable-
length carboxy-terminal tail that contains numerous tyrosine
and serine phosphorylation sites and mediate specific interac-
tions with SH2 domain-containing proteins. Despite this
homology, IRS proteins differ in tissue distribution and
subcellular localization [2]. The expression of IRS-1 and IRS-
2 is ubiquitous, but that of IRS-3 and IRS-4 is restricted to
specific tissues. IRS-3 is predominantly expressed in rat white
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levels are higher than those of IRS-1 [3]. Subcellular
localization of substrates is critical for proper signalling. With
regard to subcellular distribution of IRS proteins, it is well
known that in adipocytes under basal conditions IRS-1 and IRS-
2 are enriched in intracellular light microsomes (LM) and
cytosol [4–7], whereas IRS-3 is enriched in PM [6].
The insulin-dependent tyrosine phosphorylation of IRS
proteins generates docking sites for several downstream
effectors, including the p85-regulatory subunit of phosphati-
dylinositol 3-kinase (PI3K). Binding of p85 to IRS activates
the p110 catalytic subunit of PI3K that generates 3-
phosphoinositides, which in turn recruit to the plasma
membrane and activate the serine/threonine kinase Akt
(also called protein kinase B). Akt is activated by
phospholipids binding and phosphorylation at two key
residues, threonine 308 and serine 473. Insulin stimulates
glucose transport in adipocytes through the translocation of
the glucose transporter 4 (GLUT4) isoform from intracellular
compartments to the plasma membrane and Akt has been
identified as a major downstream component of the
signalling pathway that mediates insulin-stimulated GLUT4
translocation and glucose uptake (reviewed in [8]).
Insulin resistance is a common feature of aging [9,10].
When glucose disposal rate was analyzed by using the
euglycemic–hyperinsulinemic clamp, it was found a signifi-
cant decrease in overall glucose utilization in aged rats, being
the white adipose tissue primarily affected [11]. Isolated fat
cells from aged individuals have proven to be insulin resistant:
(1) insulin action on glucose metabolism in adipocytes
decreases in both humans [12] and rats [13] during aging;
(2) insulin-stimulated glucose uptake is impaired in isolated
adipocytes from old humans [14] and rats [15–17]. Moreover,
we have already shown that in adipocytes from old rats there
is a significant decrease in gene and protein levels of IR, IRS-
1 and IRS-3 [3], as well as an impairment of both IR
autophosphorylation and its intrinsic tyrosine kinase activity
when measured in vitro [18].
In the present study, we have analyzed the time-course
effects of insulin on subcellular distribution and tyrosine
phosphorylation of IRS-1 and IRS-3 in isolated epididymal
adipocytes from adult and old rats. We have also investigated
the ability of insulin to stimulate Akt activity and GLUT4
translocation in an attempt to determine the mechanism for
insulin resistance in aging.2. Materials and methods
2.1. Experimental animals
Adult (3 months) and old (24 months) male Wistar rats fed standard
laboratory chow and water, both available ad libitum, were used
throughout this study. Animals were obtained from the colony of the
Center for Molecular Biology “Severo Ochoa” (Madrid, Spain). Rats were
housed in climate-controlled quarters with a 12-h light:12-h darkness
cycle. Animal facilities fulfilled the requirements of the European Union
and the National Institutes of Health guidelines. The experimental
procedures were approved by the institutional committee of bioethicsand special care was taken to minimize animal suffering and to reduce
the number of animals used.
2.2. Isolation and stimulation of rat adipocytes
Adipocytes were prepared from epididymal adipose tissue by the
collagenase method according to [19]. Fat cells isolated from adult and old
rats were washed twice in 1% bovine serum albumin (BSA)/Krebs–Ringer
medium, pH 7.4, 25 mM HEPES, and subsequently stabilized for 15 min at 37
°C in the same medium containing 2% BSA in a proportion of 1 ml of packed
cells per 3 ml of medium. Immediately afterwards, adipocytes were incubated in
the absence or presence of 80 nM insulin for 2, 10 or 30 min. The incubations
were terminated by the addition of 2.5 volumes of buffer A consisting of 0.1 M
sucrose, 50 mM Tes–NaOH pH 7.4, 1 mM EDTA and 2 mM EGTA, and cells
were centrifuged at 100×g for 20 s.
2.3. Subcellular fractionation of adipocytes
Subcellular fractionation was performed, with modifications, as described by
[20]. Briefly, cells were homogenized at room temperature with a Dounce tissue
grinder (20 strokes) in 2 volumes of homogenization buffer (buffer A
supplemented with 1 mM DTT, 5 mM NaF, 1 mM PMSF, 0.05 mMNa3VO4, 10
μg/ml leupeptin, 10μg/ml antipain and1μg/mlpepstatin).Thehomogenateswere
centrifuged at 12,000×g for 30min at 4 °C. The solidified fat was removed and the
infranatant was centrifuged at 33,000×g for 20 min at 4 °C to pellet a heavy
microsomal fraction. The resultant supernatant was subjected to further
centrifugation at 200,000×g for 1 h at 4 °C yielding a pellet of light microsomes
(LM) and the remaining supernatant, that was designated the cytosol (CYT)
fraction. The pellet of the initial 12,000×g centrifugation step, mainly containing
nuclei,mitochondria, plasmamembranes andbrokencell debris,was resuspended
in 0.5 ml of homogenization buffer, layered on top of a 3-ml sucrose cushion
consisting of 40% sucrose, 50 mM TES–HCl pH 7.4, 1 mM EDTA and 2 mM
EGTA and centrifuged at 108,000×g for 60 min at 4 °C. Plasma membranes
(PM), collected at the sucrose–sample interface, were diluted in 10 volumes of
50 mM TES–HCl pH 7.4, 1 mM EDTA, 2 mM EGTA, 1 mM DTT, 5 mM
NaF, 1 mM PMSF and 0.05 mM Na3VO4, and afterwards pelleted at 27,000×g
for 15 min at 4 °C. Light microsomes and plasma membranes were
resuspended in 200 μl of homogenization buffer. Protein concentrations were
determined using the bicinchoninic (BCA) protein assay kit from Pierce
Biotechnology (Cultek, Spain). As a control for protein loading of the different
membrane fractions on the gels it was performed Western blot analysis using
Na+,K+-ATPase and GM130 as subcellular marker proteins for PM and LM
fractions, respectively. The distribution of these marker proteins was not
affected by insulin (data not shown).
2.4. Western blot analysis
After protein content determination, equal amounts of proteins were
separated on SDS-PAGE gel under reducing conditions, transferred to
nitrocellulose (0.2 μm) (Bio-Rad, Spain) and incubated overnight at 4 °C with
the following antibodies: anti-IRS-1 (Cell Signaling Technology, Izasa,
Spain), anti-IRS-3 (Santa Cruz Biotechnology, Quimigranel, Spain), anti-
phospho-tyrosine (P-Tyr-100) (Cell Signaling Technology), anti-GLUT4
(mouse clone 1F8) (Biogenesis, England, UK), anti-Akt2/PKBβ (Upstate
Biotechnology, Reactiva, Spain) or anti-phospho-Akt (Ser473) (Cell Signaling
Technology) recognizing Akt1 when phosphorylated at serine 473 and also
Akt2 and Akt3 when phosphorylated at the corresponding residues. Na+,K+-
ATPase and cis-Golgi protein GM130 mouse monoclonal antibodies (Abcam,
Cambridge, UK) were used as subcellular markers for PM and LM fractions,
respectively. To detect the antigen-bound antibody, the blots were treated with
secondary antibody conjugated with horseradish peroxidase. Immunoreactiv-
ity was detected by using the enhanced chemiluminescence (ECL) Western
blotting detection system (Amersham Biosciences Europe, Barcelona, Spain)
and quantified by scanning densitometry of autoradiographs with exposure in
the linear range. Adult and old rat adipocyte samples have been run on the
same gel in order to permit direct comparison between them under basal and
stimulated conditions.
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Akt activity was measured in crude adipocyte fractions using the synthetic
peptide KKRNRTLTK (K9) as a substrate. This method has been characterized in
detail previously [21]. In summary, 10μg of plasmamembrane or 5μg of cytosol in
a volume of 10 μl were incubated for 20 min at 30 °C with 5 μl of a mixture
containing 17 mM TES, pH 7.5, 42 mMMgSO4, 4.2 mM DTT, 207 mM sucrose,
170μM[γ-32P]ATP (5μCi), 6.6μMcAMP-dependent protein kinase inhibitor and
13μg of the peptide substrateK9. Incubationswere terminated by the addition of 10
ml of 1%BSA, 1 mMATP pH 3 and 5 μl of 30% TCA (trichloroacetic acid). After
15 min on ice, samples were centrifuged and 15 μl of supernatants were applied
onto phosphocellulose paper (Whatman P81) that was washed three times with 75
mM phosphoric acid and once with acetone. The amount of 32P incorporated into
the peptide substrate was determined by scintillation counting. Nonspecific bound
radioactivity was assayed in samples that had been previously boiled for 5min. The
kinase assay was linear with respect to protein concentration.
2.6. Statistical methods
Data are expressed as means±S.E.M. Statistical analysis was performed
using GraphPad Prism software. Statistical significance was determined by one-
way ANOVA.When the main effect was significant, the Bonferroni post hoc test
was applied to determine individual differences between means. The
significance of differences between two only groups (i.e. adult and old) was
determined by an unpaired Student's t-test. Differences were considered
significant at Pb0.05.
3. Results and discussion
3.1. Time course of insulin-induced IRS-1 subcellular
redistribution. Effect of aging
Isolated epididymal adipocytes from adult and old rats were
stimulated with 80 nM insulin for different time intervals, andFig. 1. Effect of insulin on the subcellular distribution of IRS-1 in epididymal adipo
insulin for the indicated times. Cells were homogenized and subjected to subcellular f
(75 μg) from plasma membrane (PM), light microsomes (LM) and cytosol (CYT)
immunoblotted with anti-IRS-1 antibodies. The relative levels of IRS-1 present in eac
densitometry. The data are expressed as a percentage of the maximum value of IRS-1
corresponding basal without insulin; aPb0.05, bPb0.005 vs. same time point in adul
and old rat adipocytes (run on the same gel for direct comparison) are shown.then fractionated into plasma membrane (PM), light micro-
somes (LM) and cytosol fractions, in order to analyze IRS
proteins trafficking.
IRS-1 has been shown to be resistant to extraction with ionic
detergent [7,22,23]. Some evidences point to an association of IRS-
1 with an insoluble multiprotein complex, possibly the cytoskel-
eton, in adipocytes [7]. Alternatively, it could be hypothesized that
insolubility of IRS-1 may be a consequence of its localization in a
caveolin-enriched fraction, another detergent-resistant compart-
ment [24,25]. In this study,we have examined the dynamics of IRS-
1 in adipocytes without previous immunoprecipitation of the
protein. Thus, we have loaded equal amounts of protein (75 μg)
from the different subcellular fractions in a SDS-PAGE gel and
analyzed the relative level of IRS-1 by immunobloting with anti-
IRS-1 antibodies.
Western blot analysis (Fig. 1) demonstrates that insulin
treatment induces IRS-1 translocation from membrane fractions,
LM predominantly but PM also, to the cytosol. Most of previous
studies failed to detect IRS-1 in PM of adipocytes, which in part
could be attributed to loading not a sufficient amount of protein for
immunoblotting analysis (20–30 μg vs. 75 μg in the present work)
or working with an immortalized 3T3-L1 preadipocyte cell line
[7,22,23].
There is general agreement that insulin induces the transloca-
tion of IRS-1 from LM to cytosol [5,23,26], but it is the first time to
be reported a parallel insulin-dependent translocation from PM to
cytosol in adipocytes. Our observation, however, is consistent with
that obtained when the effect of insulin was examined in rat liver
[27], what indicates that this phenomenon may not be adipocyte-
specific but common to target organs of insulin action.cytes from adult and old rats. Isolated adipocytes were stimulated with 80 nM
ractionation as described in Materials and methods. The same amount of protein
of adult and old rat adipocytes was resolved by SDS-PAGE on 7.5% gels and
h fraction from adult (●) and old (▴) rat adipocytes were quantified by scanning
in each fraction (mean±S.E.M., n=4–7). *Pb0.05, **Pb0.01, ***Pb0.001 vs.
ts. Representative immunoblots for the different subcellular fractions from adult
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membrane fractions to cytosol is faster in adult than in old rat
adipocytes. In adipocytes from adult rats the amount of IRS-1
translocated from PM and LM to cytosol after 30 min of insulin
stimulation represents about 31 and 42% of total IRS-1 in basal
conditions, respectively, whereas in adipocytes from old rats
IRS-1 decrease in PM and LM was only 19 and 23%,
respectively. Besides, insulin treatment caused a 2.7-fold
increase in IRS-1 levels in the cytosol of adipocytes from
adult rats compared with a 1.6-fold increase in the cytosol of
adipocytes from old rats.
3.2. Time course of insulin-induced IRS-3 subcellular
redistribution. Effect of aging
IRS-1 trafficking has been widely studied, but little is known
about how IRS-3 redistributes in response to insulin. Our data
demonstrate for the first time that in primary rat adipocytes IRS-
3 translocates from PM to LM and cytosol upon insulin
stimulation (Fig. 2). The insulin-dependent movement of IRS-3
from PM to LM closely matches that of insulin receptor when
internalized [4], in contrast to IRS-1 movement from PM and
LM to cytosol. Differences in subcellular redistribution patterns
in response to insulin of IRS-1 and IRS-3 may account for a
different role in transduction of the insulin signal.
As in the case of IRS-1, translocation of IRS-3 is faster in
adipocytes from adult compared to old rats. Thus, the PM levels
of IRS-3 in adipocytes from adult rats decrease by 19 and 33%
at 2 and 30 min of insulin treatment, respectively, versus control
without insulin, whereas in PM from old rat adipocytes
reduction of IRS-3 levels is only 8 and 21%, respectively.Fig. 2. Effect of insulin on the subcellular distribution of IRS-3 in epididymal adipo
insulin for the indicated times. Cells were homogenized and subjected to subcellular f
(75 μg) from PM, LM and CYT of adult and old rat adipocytes was resolved by SDS
levels of IRS-3 present in each fraction from adult (●) and old (▴) rat adipocytes wer
the maximum value of IRS-3 in each fraction (mean±S.E.M., n=4–5). *Pb0.05, *
between adult and old is statistically significant (Pb0.05) at every time point. Represe
adipocytes (run on the same gel for direct comparison) are shown.With regard to the content of IRS-3 in LM there is a significant
increase over control without insulin of 39% at 2 min and 60%
at 30 min in adipocytes from adult rats, which is only of 18 and
34% when adipocytes are derived from old rats. When IRS-3
content in the cytosol fraction was examined, a significant
increase was evident after 2 min (2.1-fold the control value) and
30 min (2.6-fold the control value) of incubation with insulin in
adipocytes from old rats. Similar results were obtained when
IRS-3 levels in cytosol of adult rat adipocytes were analyzed,
showing an increase of 1.9- and 2.5-fold over control at 2 and 30
min, respectively.
3.3. Intracellular location of IRS-1 and IRS-3 is modified
through aging
It has been suggested that inappropriate subcellular locali-
zation of insulin receptor substrates may result in a state of
insulin resistance [23]. To test this hypothesis, we have looked
at the distribution of IRS-1 and IRS-3 in adipocytes during
aging, a situation known to be associated with insulin
resistance. In this way, percentage of IRS-1 and IRS-3
distribution in PM, LM and cytosol in basal (noninsulin-
stimulated) conditions was calculated after being corrected for
total protein amount in each fraction and per gram of
adipocytes. The protein distribution in the subcellular fractions
was 78, 12 and 10% of the total protein recovered during the cell
fractionation procedure for cytosol, LM and PM, respectively.
As shown in Fig. 3A, unstimulated adipocytes from adult
rats have about 64% of the total IRS-1 in the cytosol, about 26%
in the light microsomal fraction and the remainder (∼10%) is in
the plasma membrane. In adipocytes from old rats, however,cytes from adult and old rats. Isolated adipocytes were stimulated with 80 nM
ractionation as described in Materials and methods. The same amount of protein
-PAGE on 10% gels and immunoblotted with anti-IRS-3 antibodies. The relative
e quantified by scanning densitometry. The data are expressed as a percentage of
*Pb0.01, ***Pb0.001 vs. corresponding basal without insulin. The difference
ntative immunoblots for the different subcellular fractions from adult and old rat
Fig. 3. Distribution of IRS-1 and IRS-3 in subcellular fractions of unstimulated
adipocytes from adult and old rats. Based on the data presented in Figs. 1 and 2
in basal conditions and corrected for total protein amount in each fraction and
per gram of adipocytes, percentage of IRS-1 (A) and IRS-3 (B) distribution in
PM, LM and CYT was calculated. Values are means±S.E.M. of 4–6
independent experiments. *Pb0.005, **Pb0.001 vs. adult.
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as compared to adult rats. Thus, IRS-1 levels decrease to about
3% in PM and to about 13% in LM, whereas levels in cytosol
increase to about 84%.
Once corrected for total protein distribution and per gram
of cells, the relative content of IRS-3 in the different
fractions of adipocytes from adult rats was as follows: about
45% of the total IRS-3 in PM, about 27% in LM and about
28% in cytosol (Fig. 3B). In adipocytes from old rats,
however, IRS-3 levels decreased significantly by 33% in PM,
whereas levels in LM were 49% higher than those obtained
in adipocytes from adult rats.
Therefore, adipocytes from aged rats are characterized under
basal conditions by higher levels of IRS proteins in those
fractions where they are intended to translocate in response to
insulin. Considering that the precise localization of insulin
receptor substrates must be critical for both the generation and
the termination of insulin signal, it seems conceivable that this
alteration contributes to the insulin resistance of aging.
Recent evidence supports that alterations in IRS-1 and IRS-2
content in primary rat adipocytes develops after impairment of
glucose uptake capacity in a model of hyperglycemia/
hyperinsulinemia, indicating that IRS depletion probably
occur as a consequence, and not as a cause, of a diabetic tissue
environment [28]. However, our model of insulin resistance,
aged Wistar rats, is characterized by normoglycemia and
normoinsulinemia [11,29]. Subsequently, our data in this
work support that the alterations in IRS subcellular distribution
seen with aging precede the deterioration of glucose homeo-
stasis and the development of glucose intolerance distinctive of
diabetic individuals. Certainly, it cannot be excluded that theseperturbations in IRS distribution might occur as a secondary
event in the development of insulin resistance.
3.4. Time course of insulin-induced IRS-1/2 tyrosine
phosphorylation. Effect of aging
The phosphotyrosine content of IRS-1/2 as a function of time
after insulin treatment was examined by Western blot analysis
using an anti-phosphotyrosine antibody. This antibody labels a
band at∼185 kDawhich corresponds to phosphorylated IRS-1/2
proteins, not being able to discriminate between both substrates.
The specific phosphotyrosine content of IRS-1 was calcu-
lated as the ratio of phosphotyrosine/IRS-1 total amount (PY/
IRS-1) at each time point. As shown in Fig. 4, after
normalization to the corresponding amount of IRS-1 protein,
tyrosine phosphorylation of IRS-1/2 in response to insulin
peaked at 2 min in every subcellular fraction analyzed from both
adult and old rat adipocytes, with the exception of cytosol from
old rat adipocytes that peaked at 10 min. Maximal phosphor-
ylation of IRS-1/2, however, was lower in adipocytes from old
rats, decreasing by 37%, 18% and 39% in PM, LM and cytosol
fractions, respectively, with regard to the maximal phosphor-
ylation reached in adult rat adipocytes.
Phosphorylation of IRS-1/2 in all subcellular fractions
declined progressively during the 30-min time course in
adipocytes from adult rats, decreasing by 41% in PM and
cytosol, and by 62% in LM, with regard to maximal
phosphorylation at 2 min. However, in contrast to the transient
effect of insulin in adult rat adipocytes, in old rat adipocytes
IRS-1/2 tyrosine phosphorylation remained elevated for up to
30 min of insulin stimulation, in all subcellular fractions. In fact,
a statistically significant difference in IRS-1/2 tyrosine
phosphorylation was found between 2 and 30 min of insulin
stimulation in adipocytes from adult, but not old rats.
Furthermore, it is interesting to point out that basal IRS-1/2
tyrosine phosphorylation was increased by about 1.7-fold in PM
and by about 2.1-fold in LM and cytosol in adipocytes from old
rats as compared to adult controls.
The effect of aging on IRS-1 tyrosine phosphorylation has
previously been studied in liver and muscle of rats after insulin
stimulation in vivo and a marked reduction in insulin-stimulated
IRS-1 phosphorylation was also observed [30].
3.5. Time course of insulin-induced IRS-3 tyrosine
phosphorylation. Effect of aging
Stimulation of primary rat adipocytes with insulin for 0–30
min resulted in an increase in the tyrosine phosphorylation of a
protein of 55–60 kDa which corresponds to IRS-3, as
determined by immunoblotting with anti-phosphotyrosine
antibodies.
Unlike IRS-1/2 that is transiently phosphorylated, IRS-3
present in PM shows sustained tyrosine phosphorylation upon
insulin treatment of adipocytes (Fig. 5), suggesting a unique
role of this particular substrate. This behaviour has been
previously described in cell lysates from rat liver derived HTC
cells [31]. In the present study, fractionation of adipocytes has
Fig. 4. Time course of insulin-stimulated IRS-1/2 tyrosine phosphorylation in subcellular fractions of adipocytes from adult and old rats. Isolated adipocytes were
incubated with 80 nM insulin for the indicated times. Cells were homogenized and subjected to subcellular fractionation as described in Materials and methods. The
same amount of protein (75 μg) from PM, LM and CYT of adult and old rat adipocytes was resolved by SDS-PAGE on 7.5% gels and immunoblotted with anti-
phosphotyrosine (α-PY) antibodies. α-PY antibodies label a band at ∼185 kDa which corresponds to IRS-1/2 proteins. Representative immunoblots are shown in A.
The relative level of tyrosine-phosphorylated IRS-1/2 present in each fraction from adult (●) and old (▴) rat adipocytes was quantified by scanning densitometry. The
data are expressed as phosphotyrosine content per IRS-1, by normalizing to the corresponding amount of IRS-1 protein at each time point as determined in Fig. 1.
Results are plotted as a percentage of the maximum value in each subcellular fraction (B) and they are means±S.E.M. of 5–7 independent experiments. *Pb0.05
**Pb0.005 ***Pb0.001 vs. maximum value of phosphorylation in the same group of animals; aPb0.05 bPb0.001 vs. same time point in adults.
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fractions, and we showed for the first time that tyrosine
phosphorylation of IRS-3 peaked at 2 min and then declined, in
LM and cytosol fractions, contrasting to what occur in PM. This
result clearly suggests that IRS-3 could generate different
signals based on its localization within the cell. Identification of
specific signalling complexes that interact with IRS-3 in
different intracellular sites deserves further studies.
When the effect of aging was analyzed, we observed an
increase in basal IRS-3 tyrosine phosphorylation of 6-fold in
PM and 3-fold in LM in old as compared to adult adipocytes.
Again, as occurred with IRS-1, basal phosphotyrosine content is
higher with aging. Taken together, these results strongly suggest
that the capacity of adipocytes to recover and respond suitably
to a later stimulus is altered with aging.
In adipocytes from adult rats insulin induced a 7.8-fold and a
13-fold increase in tyrosine phosphorylation of IRS-3 over basal
in LM and CYT fractions, respectively, at 2 min after insulin
stimulation (the time of maximal phosphorylation) compared
with only a 2-fold increase in LM and a 5.6-fold increase in the
cytosol of old rat adipocytes. Moreover, maximal phosphory-
lation of IRS-3 in PM reached during the 30-min time course
increase by 14-fold in adipocytes from adult rats and only by
2.3-fold in adipocytes from old rats, with regard to its basal
phosphorylation. These results confirm and extend our earlier
finding that insulin dependent phosphorylation of an endoge-nous substrate of 60 kDa in adipose tissue (now recognized as
IRS-3) was reduced in old animals, when in vitro tyrosine
kinase activity of IR was measured [29].
We found that IRS-3 translocates from PM to LM in
response to insulin (Fig. 2). However, the phosphotyrosine
content of IRS-3 in LM decreases after 2 min of insulin
stimulation even though it increases steadily with time in PM.
One plausible explanation is that IRS-3 encounters specific
tyrosine phosphatases in the LM fraction. The cytosolic tyrosine
phosphatase SHP-2, that contains two SH2 domains and could
potentially be recruited to many sites of insulin action, appears
to be a good candidate because IRS-3 has been demonstrated to
be associated with SHP-2 upon insulin stimulation [32,33] and
besides, recombinant SHP-2 is able to dephosphorylate IRS-3 in
vitro [33].
Overall, these data show that insulin-induced tyrosine
phosphorylation of IRS-1 and IRS-3 is reduced with aging,
which may be explained by the impairment of both IR
autophosphorylation and its intrinsic tyrosine kinase activity,
as evidenced in our previous study [18].
3.6. Insulin-stimulated Akt phosphorylation and activity in
aging
In order to analyze if the altered subcellular distribution and/
or phosphorylation of IRS-1 and -3 proteins could have further
Fig. 5. Time course of insulin-stimulated IRS-3 tyrosine phosphorylation in subcellular fractions of adipocytes from adult and old rats. Isolated adipocytes were
incubated with 80 nM insulin for the indicated times. Cells were homogenized and subjected to subcellular fractionation as described in Materials and methods. The
same amount of protein (75 μg) from PM, LM and CYT of adult and old rat adipocytes was resolved by SDS-PAGE on 10% gels and immunoblotted with anti-
phosphotyrosine antibodies. α-PYantibodies label a band at 55–60 kDa which corresponds to IRS-3 protein. Representative immunoblots are shown in A. The relative
level of tyrosine-phosphorylated IRS-3 present in each fraction from adult (●) and old (▴) rat adipocytes was quantified by scanning densitometry. The data are
expressed as phosphotyrosine content per IRS-3, by normalizing to the corresponding amount of IRS-3 protein at each time point as determined in Fig. 2. Results are
plotted as a percentage of the maximum value in each subcellular fraction (B) and they are means±S.E.M. of 3–5 independent experiments. *Pb0.05 **Pb0.01 vs.
maximum value of phosphorylation in the same group of animals; aPb0.05 bPb0.005 cPb0.001 vs. same time point in adults.
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metabolism, we examined the effect of insulin on Akt
activation in adipocytes from old rats. When cells were
incubated with 80 nM insulin for 10 min, a decrease in the
electrophoretic mobility of Akt was seen in plasma membrane
and cytosol of adipocytes from adult but not from old rats
(Fig. 6A). As this mobility shift indicates a higher degree of
phosphorylation, we decided to study the time course for
insulin on serine phosphorylation of Akt in both subcellular
fractions. Fig. 6B shows that basal phosphorylation of Akt
was increased and insulin-stimulated Akt-Ser phosphorylation
was reduced in adipocytes from old rats. We then assessed the
kinase activity of the enzyme (Fig. 6C). We observed that
basal Akt kinase activity was increased (∼24% in PM and
∼57% in CYT) in adipocytes from old rats. Maximal
activation of Akt was found at 10 min of insulin stimulation.
At this time point insulin increased Akt kinase activity by 2.6-
fold in PM and by 4.6-fold in CYT, compared with their
respective basal activity, in adipocytes from adult rats, but this
increase was only of 1.6-fold in PM and 2.1-fold in CYT
when adipocytes derived from old rats. These results mirrored
those obtained when analyzing Akt-Ser phosphorylation.
Insulin-stimulated serine phosphorylation and activity of Akt
has also been found to be reduced in adipocytes from subjects
with Type II diabetes mellitus [34,35], as well as in adipocytes
from obese Zucker rats [36].3.7. Time course of insulin-induced GLUT4 translocation in
aging
Because defects in GLUT4 translocation have been associ-
ated with impaired Akt activation in several models of insulin
resistance [34,36,37], in the present study we have also
examined the time course effect of insulin on GLUT4
translocation to the plasma membrane. As can be seen in Fig.
7, insulin-induced GLUT4 translocation was significantly
reduced in old rat adipocytes. Thus, GLUT4 content in PM
was increased after 2 min with insulin 8.8-fold over basal in
control cells but only 1.5-fold in old rat adipocytes. This
difference is correlated with that found in the insulin-induced
decrease of GLUT4 in LM (a 46% reduction in adult versus a
29% in old rat adipocytes) at the same time point. Furthermore,
basal content of GLUT4 in plasma membrane was elevated by
approximately 3-fold with aging. The basal accumulation of
GLUT4 on the surface explains the high basal glucose uptake
we have observed in adipocytes from old rats (2.4-fold higher
compared to adult rat adipocytes, data not shown) and suggest
that intracellular retention of GLUT4 is altered with aging.
Overall, these results show a tight correlation between the time
course of Akt activation and GLUT4 translocation, and extend
previous observations reporting that insulin-stimulated glucose
uptake was reduced in adipocytes from old animals [15–17].
Finally, it is important to note that old rat adipocytes are
Fig. 6. Time course for insulin-stimulated Akt phosphorylation and activity in epididymal adipocytes from adult and old rats. Isolated adipocytes were incubated with
80 nM insulin for the indicated times, and processed to obtain PM and CYT fractions. Protein (90 μg of PM and 30 μg of CYT) was separated on 10% SDS-PAGE and
immunoblotted with anti-Akt2 (A) or PSer473 Akt specific antibodies (B). Representative immunoblots are shown. The relative level of PSer473-Akt present in each
fraction from adult (●) and old (▴) rat adipocytes was quantified by scanning densitometry. The data were normalized to maximal insulin effect in adipocytes from
adult rats, and they are means±S.E.M. of six independent experiments. (C) In vitro Akt kinase activity was measured in PM and CYT fractions as described in
Materials and methods. Data, expressed as pmol of 32P incorporated into the peptide per minute, are means±S.E.M. of four independent experiments performed in
triplicate. *Pb0.001 vs. maximum value in the same group of animals; aPb0.05 bPb0.005 cPb0.001 vs. same time point in adults. Symbols: adult (■) and old (□) rat
adipocytes.
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insulin signalling pathway in the absence of insulin stimulation,
i.e., inappropriate subcellular localization of IRSs and GLUT4,
higher basal levels of IRS tyrosine phosphorylation and Akt
serine phosphorylation or increased basal Akt kinase activity,
that should be considered to contribute to insulin signalling
defects concomitant to aging in fat cells.Adipocytes are one of the primary sites of insulin resistance
in aging [11]. It could be argued that the differences shown in
this study might reflect adipocyte size and adiposity rather than
aging. Certainly, we have already reported [29] that there is an
increase in body and fat tissue weight with aging in our rat
population, but also that there is no difference between the two
groups of animals (3- and 24-month-old male Wistar rats)
Fig. 7. Time course of insulin action on GLUT4 translocation in epididymal adipocytes from adult and old rats. Isolated adipocytes were obtained from adult and old
rats, incubated with 80 nM insulin for the indicated times, and processed to obtain PM and LM fractions. Membrane proteins (100 μg of PM and 50 μg of LM) were
analyzed on immunoblots using GLUT4 specific antibodies as described in Materials and methods. Representative immunoblots are shown at the top of the graphs.
Results are presented as percentages of the maximal response to insulin in adipocytes from adult rats for each subcellular fraction, and they are means±S.E.M. of four
independent experiments. *Pb0.05, **Pb0.01, ***Pb0.001 vs. corresponding basal without insulin. The difference between adult and old is statistically significant
(Pb0.05) at every time point. Symbols: adult (●) and old (▴) rat adipocytes.
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of obesity on the insulin resistance of aging was studied, by
decreasing adiposity with a caloric restriction, adipocyte insulin
responsiveness was found still decreased in old compared to
adult food restricted rats [13].
In summary, we have investigated the subcellular
distribution and translocation, as well as the tyrosine
phosphorylation, of IRS-1 and IRS-3 in response to insulin
by fractionation of epididymal adipocytes from adult and old
rats. Our data demonstrate that insulin induces the translo-
cation of IRS-1 from PM and LM to CYT and the
translocation of IRS-3 from PM to LM and CYT. In
addition, we also show that the altered subcellular distribu-
tion and/or phosphorylation of IRS-1 and -3 proteins may
contribute to the lower Akt activation and GLUT4 translo-
cation found in insulin-resistant old rat adipocytes. Hence,
aging seems to alter the early steps of the insulin signal
transduction pathway in adipocytes, and as a consequence it
induces the decrease in adipose tissue sensitivity to insulin
characteristic of this physiological condition.
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